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Edited by Miguel De la RossaAbstract The two-component signal transduction system from
Mycobacterium tuberculosis bears a unique three-protein system
comprising of two putative histidine kinases (HK1 and HK2) and
one response regulator TcrA. By sequence analysis, HK1 is
found to be an adenosine 5 0-triphosphate (ATP) binding protein,
similar to the nucleotide-binding domain of homologous histidine
kinases, and HK2 is a unique histidine containing phosphotrans-
fer (HPt)-mono-domain protein. HK1 is expected to interact
with and phosphorylate HK2. Here, we show that HK1 binds
2 0(3 0)-O-(2,4,6-trinitrophenyl)adenosine 5 0-triphosphate monoli-
thium trisodium salt and ATP with a 1:1 stoichiometric ratio.
The ATPase activity of HK1 in the presence of HK2 was mea-
sured, and phosphorylation experiments suggested that HK1 acts
as a functional kinase and phosphorylates HK2 by interacting
with it. Further phosphorylation studies showed transfer of a
phosphoryl group from HK2 to the response regulator TcrA.
These results indicate a new mode of interaction for phospho-
transfer between the two-component system proteins in bacteria.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The two-component system is the major signal transduction
pathway in bacteria. This involves a signal sensing histidine ki-
nase (HK) and an eﬀector response regulator (RR) [1]. The
HK component is regulated by environmental stimuli, autop-
hosphorylates at a histidine residue, creating a high-energy
phosphoryl group that is subsequently transferred to an aspar-
tate residue in the RR. The RR, with the DNA-binding activ-
ity, produces a response by regulating the gene expression [2,3].Abbreviations: ATP, adenosine 50-triphosphate; HK1, histidine kinase
1, protein encoded by Rv0600c from Mycobacterium tuberculosis;
HK2, histidine kinase 2, protein coded by RV0601c from M. tuberc-
ulosis; HPt, histidine containing phosphotransfer; IPTG, isopropyl b-
D-galactoside; NADH, b-nicotinamide adenine di-nucleotide, reduced
form; Ni-NTA, nickel-nitriloacetic acid; RR, response regulator;
TcrA, response regulator coded by Rv0602c from M. tuberculosis;
TNP-ATP, 2 0(30)-O-(2,4,6-trinitrophenyl)adenosine 50-triphosphate
monolithium trisodium salt
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doi:10.1016/j.febslet.2007.03.089The two-component systems have recently emerged as poten-
tial drug targets because such systems are shown to be associ-
ated with virulence of many pathogens [4–6] and are not found
in vertebrates and invertebrates [7] (the hosts for these patho-
gens). Eukaryotes mainly use serine/threonine or tyrosine spe-
ciﬁc kinases, thus an inhibitor against pathogen speciﬁc
histidine kinase may prove a good lead compound for drug
development [8].
HKs posses conserved sequence ﬁngerprints, termed as H,
N, D, F and G boxes, based on the highly conserved residue.
H box bears the phosphorylatable histidine while the N, D, F
and G boxes are located at the adenosine 5 0-triphosphate
(ATP) binding site. HKs can be subdivided into two broad
classes according to the organization of the conserved se-
quence boxes into separate domains [9]. Class I HKs have
the H box containing domain adjacent to the ATP binding do-
main. EnvZ, an osmosensor, is the representative example of
this class. Class II HKs have H box containing domain sepa-
rated from the ATP binding domain by some other domains,
like in CheA, chemotactic sensor protein H box containing
P1 is separated from the ATP binding P4 by an intermediary
P2 domain [2]. The ATP and ADP analogs bound structure
of CheA and EnvZ indicate diﬀerences in the binding, but
CheA binding mode is likely to be relevant for all HKs [10].
The ﬂuorescent nucleotide derivative 2 0(3 0)-O-(2,4,6-trinitro-
phenyl)adenosine 5 0-triphosphate monolithium trisodium salt
(TNP-ATP) adopts a slightly diﬀerent conformation than the
other nucleotide derivatives and binds more tightly than
ATP in both CheA and EnvZ [11–13]. Recently, the two- com-
ponent system ofMycobacterium tuberculosis is drawing atten-
tion as more and more multi-drug resistant strains are evolving
and the mechanism of survival of the bacteria under stresses
inside host cell remains less understood.
Unlike the 10 paired two-component system proteins present
in M. tuberculosis, histidine kinases corresponding to Rv0600c
(HK1) and Rv0601c (HK2) are both annotated as putative his-
tidine kinases that phosphorylate response regulator Rv0602c
(TcrA) [14]. HK2 gene has been recently found to be upregu-
lated in response to tetrahydrolipstatin, an anti-microbial
agent. Thus, these two-component system proteins may be in-
volved in small molecule metabolism [15]. HK2 contains H
box with the conserved phosphorylatable histidine but lacking
any ATP binding site to assist in its autophosphorylation like
homologous histidine kinases. HK1 possessess N, D, F and G
conserved boxes forming the ATP binding site but lack the
conserved H- box signature to autophosphorylate. The HK1
and HK2 are incomplete as individual proteins but canblished by Elsevier B.V. All rights reserved.
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containing phosphotransfer (HPt)-mono domain sensor pro-
tein not present in other bacteria. HK1 has a catalytic domain
similar to the homologous histidine kinases [16]. The phospho-
transfer among this group of proteins may be an exception
from the other homologous two-component system proteins,
as HK1 lacks the conserved histidine residue to autophospho-
rylate and HK2 possess only the conserved H-box but no
nucleotide binding site. Till date the function of HK1 and
HK2 has not been determined. Here we report the nucleotide
binding property of HK1 using a ﬂuorescent analogue of
ATP, TNP-ATP and its ATPase activity. This is the ﬁrst report
on the nucleotide aﬃnity of any histidine kinase from M.
tuberculosis. We also show by phosphorylation experiments
with [c-32P]ATP that HK1 possess kinase activity to phosphor-
ylate HK2 and phosphorylated HK2 transfers its phosphoryl
group to TcrA.2. Materials and methods
2.1. Materials
2 0(3 0)-O-(2,4,6-Trinitrophenyl) adenosine 5 0-triphosphate (TNP-
ATP), b-nicotinamide adenine di-nucleotide, reduced form (NADH),
pyruvate kinase, L-lactate dehydrogenase, phospho (enol) pyruvate
and high purity adenosine triphosphate (ATP) were purchased from
Sigma, stored at 20 C in the dark. Concentration of TNP-ATP
was determined spectroscopically based on the extinction coeﬃcient
of 26000 M1 cm1 at 408 nm [13]. [c-32P] ATP was purchased from
Board of Radiation and Isotope Technology (BRIT, India).2.2. Sequence alignment
To compare, the arrangement of the conserved sequence signature
boxes, between the histidine kinases present inM. tuberculosis, a multi-
ple sequence alignment was done using ClustalW [17] and demarked by
shading using Jalview [18].2.3. Protein preparation
HK1 and HK2 were puriﬁed as described earlier [16]. The gene
Rv0602c was ampliﬁed from the genomic DNA of M. tuberculosis
H37Rv by polymerase chain reaction (PCR) using gene speciﬁc prim-
ers with restriction sites at their 5 0 ends (BamHI site in the forward pri-
mer andHindIII site in the reverse primer). The PCR amplicon and the
vector pQE30 were double digested with BamHI andHindIII (Fermen-
tas) and ligated by T4 DNA Ligase (Roche). The recombinant plasmid
pQE30/Rv0602c, thus prepared, was transformed into E. coli
SG13009. TcrA was overexpressed in E. coli and partially soluble pro-
tein was obtained upon induction with 0.5 mM isopropyl b-D-galacto-
side (IPTG) at 15 C for 20 h. The expressed protein was puriﬁed by
nickel-nitriloacetic acid (Ni-NTA) aﬃnity column (GE healthcare)
and Q sepharose (GE healthcare).2.4. Fluorescence spectroscopy
Proteins were dialysed against buﬀer containing 10 mM Tris and
10 mM NaCl at pH 8. Fluorescence measurements were done using
Fluoromax-3 (Jobin Yvon) equipped with circulating water bath. All
measurements were taken at 25 C with the excitation wavelength set
at 410 nm and the emission wavelength scanned from 480 to 650 nm.
Excitation and emission monochromators were set to give a band pass
of 4 nm. An integration time of 1 s was used. The protein concentra-
tion was 1 lM for each reaction. The total reaction volume was
2 mL. Initially emission spectrum of 2 mL solution containing 3 lM
TNP-ATP in 10 mM Tris (pH 8.0), 10 mM NaCl and 10 mM MgCl2
was measured upon excitation at 410 nm and then the binding of the
TNP-ATP to HK1 was detected by the enhancement of the ﬂuores-
cence intensity in the presence of 1.0 lM of HK1. The displacement
of the ﬂuorophore was monitored by addition of the natural nucleotide
(ATP) to a ﬁnal concentration of 5 mM. Control experiment was also
done in the absence of HK1 to ensure that the ﬂuorescence emission ofTNP-ATP is not aﬀected by the presence of ATP. Similar experiment
was also done using 1.0 lM HK2. The TNP-ATP ﬂuorescence did not
enhance in the presence of HK2.
2.5. Titrations with TNP-ATP
Titrations were carried out by successive addition of microliter
quantities of TNP-ATP in 10 mM Tris (pH 8.0), 10 mM NaCl,
10 mM MgCl2 with constant concentration of HK1 (1.0 lM). The
samples were mixed for a minute before data acquisition. The intensi-
ties were monitored at 551 nm (corresponding to the peak of the emis-
sion spectrum). A blank titration (without HK1) experiment was also
performed for each TNP-ATP concentration. All ﬂuorescence intensi-
ties were corrected for dilution. Similar experiments were carried out in
the absence of Mg2+ ions to study the eﬀect of metal ion on nucleotide
binding.
2.6. ATP displacement
Displacement of TNP-ATP with ATP was detected by monitoring
the decrease in ﬂuorescence intensity by addition of diﬀerent amount
of ATP to the buﬀer containing 10 mM Tris pH 8.0, 10 mM NaCl,
10 mM MgCl2, 3 lM TNP-ATP and 1.0 lM HK1. For measurement
of the dissociation constant for ATP, TNP-ATP titrations were carried
out in the presence of 1 mM and 2 mM ATP. To study the eﬀect of
magnesium on the ATP binding to HK1, similar displacement reac-
tions were carried out in buﬀer lacking MgCl2.
2.7. Analysis of titration data and determination of thermodynamic
binding isotherms
The observed changes in ﬂuorescence intensities (DF) between blank
titrations and the titrations with HK1 were normalized to total change
at inﬁnite TNP-ATP concentration (DFmax) to obtain the ratio DF/
DFmax. The saturation curve was plotted as DF/DFmax versus the total
concentration of the added TNP-ATP. The dissociation constant Kd
values of TNP-ATP was determined by ﬁtting the data into the qua-
dratic equation:
DF
DF max
¼
ðKd þ Lt þ EtÞ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðKd þ Lt þ EtÞ2  4LtEt
q
2Et
ð1Þ
where Lt and Et are the total concentration of ligand (TNP-ATP) and
protein [19]. To determine the actual Kd values for the natural nucleo-
tide (ATP), the titration data in the presence of ﬁxed amounts of com-
peting ATP were ﬁtted in Eq. (1) to get the values of apparent
Kd½appKTNPd  which were then used in the following equation:
appKTNPd ¼ KTNPd 1þ
½L
KLd
 
ð2Þ
where [L] is the concentration of the ATP and KTNPd and K
L
d are the dis-
sociation constants for TNP-ATP and the competing nucleotide ATP,
respectively [13]. The assumption was made that the total and free
ligand concentrations are equivalent.
2.8. Determination of binding stoichiometry of the ﬂuorescent nucleotide
The binding stoichiometry of TNP-ATP and HK1 was determined
by plotting the titration data as a mass action plot according to the fol-
lowing equation:
r
½Lfree
¼ n
Kd
 r
Kd
ð3Þ
where r is the ratio of the bound ligand concentration to that of the
protein, [L]free the concentration of the free ligand, n the binding stoi-
chiometry (moles of TNP-ATP per mole of protein HK1) and Kd the
dissociation constant [20]. In our experimental conditions, protein con-
centration was 1 lM thus r-value in Eq. (3) was same as DF/DFmax.
2.9. ATPase activity of HK1
The ATPase activity of HK1 was determined spectrophotometrically
using coupled ATPase system [21]. The assay is based on a reaction in
which the regeneration of hydrolyzed ATP is coupled to the oxidation
of NADH. Each cycle of ATP hydrolysis resulted in the oxidation of
one molecule of NADH and measured by the rate of decrease of
NADH absorbance at 339 nm. Reactions were done in buﬀer contain-
ing 50 mM Tris (pH 7.5), 2 lM HK1, 5 lM HK2, 2 mM phospho-
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lactate dehydrogenase, 20 U/ml pyruvate kinase, 150 lM NADH and
varying substrate concentration by adding diﬀerent amount of ATP
from a stock solution of 200 mM. Another reaction was set up in
the absence of Mg2+. The ATP consumption was monitored by follow-
ing the rate of oxidation of NADH to NAD+ (De = 6.2 mM1 cm1) at
339 nm and a path length of 1 cm in Beckman Coulter DU 640B UV–
Visible spectrophotometer. Initial velocities were calculated from the
linear region of the plots according to the following equation:
v ¼  dA339
dt
 K1path  ½E1 ð4Þ
where v is the initial velocity (min1), dA339/dt is the change in the
absorbance of NADH at 339 nm, Kpath is the molar absorption coeﬃ-
cient for NADH and [E] is the molar ATPase concentration. The ini-
tial velocity data at diﬀerent substrate concentrations were ﬁtted into
the Michaelis–Menten equation:
v ¼ V max½S
Km þ ½S ð5Þ
where v is the initial velocity, Vmax is the maximum reaction velocity,
[S] is the substrate concentration and Km is the Michaelis–Menten con-
stant. A Lineweaver–Burk plot with double reciprocals (1/V vs 1/[S])
was plotted and Km was determined by linear ﬁt using the following
equation:
1
V
¼ 1
V max
þ Km
V max
 1½S ð6Þ2.10. In vitro phosphorylation of HK2
The reaction was conducted in a number of sets. In each set 20 lM
HK1 was incubated in 50 mM Tris (pH 8.0) containing 20 mMMgCl2,
2 mM cold ATP and 10 lCi [c-32P]ATP (>4300 Ci/mmol, BRIT, India)
with 20 lM HK2 in a total reaction volume of 10 ll at room temper-
ature. The reactions in diﬀerent sets were stopped at diﬀerent time peri-Fig. 1. Amino acid sequence alignment of histidine kinases fromMycobacter
signature motifs or boxes are marked as H-, N-, D/F- and G- boxes. The consods by adding 3 ll of 5· SDS–PAGE gel loading buﬀer containing 10%
(w/v) SDS, 5% b-mercaptoethanol and 48% glycerol and were placed
on ice. Samples were then size fractionated by 15% SDS–PAGE. Con-
trol reactions with only a single HK were set and the same protocol
was followed as described above. The 32P labeled protein bands were
visualized by autoradiography. The relative amounts of the phosphor-
ylated protein was determined by scanning densitometry of the autora-
diograph using Gel-Pro Analyzer (V 4.5, MediaCybernetics). The 32P
incorporation is expressed as percentage increase in density above
the basal level in course of time.
2.11. Phosphorylation of the response regulator TcrA
HK2 (20 lM) was maximally phosphorylated by incubation in the
assay buﬀer with 50 mM Tris (pH 8.0), 20 mM MgCl2, 2 mM cold
ATP and 200 lCi [c-32P]ATP (>4300 Ci/mmol, BRIT, India) in the
presence of 20 lM of HK1 for 6 h at room temperature. TcrA
(20 lM) was then added to the reaction mixture (the total reaction vol-
ume being 100 ll) and 10 ll of aliquots were removed at various time
intervals and the reaction stopped by addition of 3 ll of the 5· SDS–
PAGE gel loading buﬀer and placed on ice. The samples were then
analyzed through 15% SDS–PAGE and the phosphorylated proteins
in the gel were visualized and measured by autoradiography and den-
sitometric analysis, respectively, as described above. Control reactions
with only 20 lM TcrA or 20 lM HK1 with TcrA were carried out un-
der similar conditions.3. Results
3.1. HK1 and HK2 are unique among mycobacterial histidine
kinases
The multiple sequence alignment of the HKs from M. tuber-
culosis (Fig. 1) revealed that Rv0601c/HK2 bears a well
conserved H box with the phosphorylatable histidineium tuberculosis. The conserved residues are shaded grey. The sequence
erved phosphorylatable histidine is marked by ‘d’ below the alignment.
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nucleotide binding N, D and G boxes. Rv0600c/HK1, on the
other hand contains ATP binding N, D and G boxes but does
not possess a conserved H box. This is an exception to all the
other HKs present in M. tuberculosis which possess both the
conserved histidine containing H box and the nucleotide bind-
ing N, D and G boxes. The initial step of autophosphorylation
by the typical histidine kinases upon signal sensing is improb-
able in case of HK1 and HK2. Based on this information the
nucleotide binding, ATPase and kinase activity of this unique
system was studied.3.2. Binding of ﬂuorescent nucleotide derivative to
the histidine kinase HK1
HK1 was puriﬁed to homogeneity. The presence of con-
served sequences termed as N, D, F and G boxes, showed
HK1 to be an ATP binding protein. By studying the binding
of ﬂuorescent TNP-ATP to HK1 we characterized this prop-
erty of the protein. TNP-ATP is weakly ﬂuorescent in aqueous
solutions and its ﬂuorescence increases markedly in more
hydrophobic environment, such as when bound to the enzyme
active site. The ﬂuorescence emission spectrum of a 2 lM solu-
tion of TNP-ATP in the presence of 1 lM of the protein HK1
(Fig. 2A) showed a twofold increase in the ﬂuorescence inten-
sity at the peak emission wavelength of 551 nm, when com-
pared with that in the absence of the protein, indicating the
formation of a HK1:TNP-ATP complex. On addition of excess
ATP the ﬂuorescence emission intensity reduced back to nearly
the same as that of the free ﬂuorescent nucleotide (Fig. 2A),
indicating that the natural nucleotide ATP and the ﬂuorescent
TNP-ATP compete for the same binding site on the protein.
Similar experiment with HK2 however did not result in
marked increase of TNP-ATP ﬂuorescence, indicating that
HK2 is not an ATP binding protein.Fig. 2. Equilibrium binding of TNP-ATP to HK1, a two-component
histidine kinase from Mycobacterium tuberculosis, using ﬂuorescence
spectroscopy. (A) Fluorescence emission spectra of HK1 in the absence
of TNP-ATP (—), 2 lM TNP-ATP in the absence of protein HK1
(–––) and in the presence of 1 lM of HK1 (—Æ—Æ—Æ—). The spectrum
2 lM TNP-ATP in the presence of 1 lM HK1 and excess ATP (  ) is
almost similar to that of TNP-ATP in free form, in the absence of
HK1. (B) Binding isotherms for titration of HK1 with TNP-ATP,
monitored as changes in the relative ﬂuorescence emission at 551 nm
upon excitation at 410 nm in the presence (j) and absence (h) of
Mg2+. The data were ﬁtted to Eq. (1) to get KþMgd of 1.3 lM and
KMgd 2:2 lM.3.3. Binding constants and stoichiometry
A ﬁxed amount of the protein histidine kinase HK1 was ti-
trated with increasing concentrations of the ﬂuorescent nucle-
otide TNP-ATP. Binding isotherms were obtained by plotting
fractional change in ﬂuorescence DF/DFmax as a function of
TNP-ATP concentration (Fig. 2B). Similar isotherms were
generated for titrations in the absence of MgCl2 and in the
presence of ATP at diﬀerent concentrations. The data were ﬁt-
ted to Eq. (1) to obtain the Kd values. The best ﬁt was obtained
with Kd = 1.3 ± 0.2 lM, which indicated high aﬃnity for TNP-
ATP. These values are similar to that obtained for EnvZ from
E. coli [11]. Similar studies in the absence of Mg2+ resulted in
higher Kd values of 2.2 ± 0.5 lM. To determine the binding
stoichiometry, the data ﬁtted well into a straight line represent-
ing Eq. (3) and n was found to be 0.99 ± 0.01 from the inter-
cept on x-axis indicating a binding stoichiometry of 1 mole
TNP-ATP to 1 mole of HK1 (Fig. 3).3.4. ATP binding aﬃnity
The TNP-ATP titrations done in the presence of 1 mM ATP
and 2 mM ATP are shown in Fig. 4A. The apparentKd was cal-
culated as 3.01 ± 0.37 lM and 5.0 ± 0.26 lM in the presence of
1 mM and 2 mM ATP, respectively. On solving Eq. (2) an
average dissociation constant value of 0.73 mM for the natural
nucleotide, ATP, was obtained. The displacement study with
1 mM and 2 mM ATP in the absence of Mg2+ resulted in theapparentKd of 2.4 ± 0.3 lM and 2.7 ± 0.2 lM, respectively
(Fig. 4B). This resulted in a high average dissociation constant
for ATP i.e. 9.9 mM. In other words, in the absence of Mg2+,
ATP was incapable of competitively displacing TNP-ATP
from the HK1 binding site.
3.5. ATPase assay
The TNP-ATP nucleotide binding and ATP displacement
experiments showed that HK1 binds ATP fairly well. To inves-
tigate the ATP hydrolysis capability of the putative histidine
kinase HK1, the coupled ATPase assay was performed. The
initial velocity data of ATP hydrolysis by HK1 when ﬁtted
to equation and from the Michaelis–Menten plot and Linewe-
Fig. 3. Mass action plot of the titration of HK1 and TNP-ATP
according to Eq. (3) to determine the binding stoichiometry of the
complex. The value of n comes to be 0.99.
Fig. 4. Binding of TNP-ATP in the presence of ATP. Varying
concentrations of TNP-ATP were added to 1 lM of HK1 in the
presence of 0 mM (h), 1 mM (d) and 2 mM (m) ATP, and relative
changes in the ﬂuorescent intensities measured in the presence of Mg2+
(A) and absence of Mg2+ (B).
Fig. 5. ATPase activity of puriﬁed HK1. ATP hydrolysis was
measured as a function of ATP concentration in the presence of
Mg2+. Data represent means ± S.E.M. from three independent trials.
Vmax and Km were calculated by nonlinear least square curve ﬁtting of
the data. Lineweaver–Burk plot is represented as inset.
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5.75 ± 3.0 mM. No ATPase activity was detected in the ab-
sence of Mg2+ because metal ion may be required either by
HK1 or pyruvate kinase and lactate dehydrogenase used in
the coupled enzyme system, for their activity.
3.6. HK1 transfers phosphoryl group from ATP to HK2
To assess the phosphotransfer between HK1 and HK2, pro-
teins were incubated in reaction buﬀer in the presence of [c-32P]
ATP. The appearance of a radiolabeled band corresponding to
the molecular weight of HK2 indicated that HK2 was phos-
phorylated. The autoradiogram of the phosphorylated HK2
(HK2  32P) showed increasing band density with time
(Fig. 6A). HK2 and HK1 were each incubated with [c-32P]
ATP in the absence of the other to ensure that HK2 was not
autophosphorylated. As expected, neither HK1 nor HK2
was able to autophosphorylate itself (data not shown). HK1
has the ATP binding and the ATPase activity but no detectable
autophosphorylation thus it is evident that the c-phosphate of
ATP is cleaved by HK1 and is incorporated into HK2. Phos-
phate incorporation was measured as the percentage increase
in density of autoradiogram bands with time (Fig. 6B). The
rate of phosphotransfer is slow as the 32P incorporation
reached a constant value only after 300 min.
3.7. Phosphotransfer from HK2 to TcrA
TcrA was not phosphorylated in the control reactions hav-
ing [c-32P] ATP and HK1 (data not shown). Increasing incor-
poration of 32P in TcrA was observed with time in a reaction
mixture with maximally phosphorylated HK2 and HK1
(Fig. 7A). The intensity of the band corresponding to the phos-
phorylated HK2 in the autoradiogram did not change in the
course of the reaction as HK1 was phosphorylating HK2.
HK1 was unable to directly phosphorylate TcrA but could
phosphorylate HK2. These results suggested that phospho-
transfer is taking place from HK2 to TcrA. The percentage in-
crease in density of autoradiogram bands with time was used
to measure phosphate incorporation (Fig. 7B) and found to
be a slow process.
Fig. 7. Phosphotransfer between HK2 and TcrA. (A) Autoradiogram
showing phosphorylation of TcrA by HK2 with time. HK2 signal is
same through out as HK1 phosphorylates it. (B) The percent increase
of the TcrA  P band density above basal level with time.
Fig. 6. In vitro phosphorylation assay using [c-32P] ATP. (A)
Autoradiogram showing time dependent phosphorylation of HK2 in
the presence of HK1. (B) The 32P incorporation in HK2 measured by
scanning densitometry and expressed as percentage increase above
basal level with time. The graph shows a slow process with maximum
incorporation at 300 min.
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The phosphorylation based signaling in higher eukaryotes is
dominated by serine, threonine, tyrosine protein kinases. The
‘‘protein kinase fold’’ among these proteins is composed of
an N-terminal lobe comprising of ﬁve antiparallel b-strands
and a single a-helix and a larger C-terminal a-helical
lobe. ATP binds in a cleft that lies at the interface of these
two lobes. On the other hand the bacterial histidine kinases
have an ATP binding cleft whose back wall is provided by b-
strands and sides by a-helices and a cover by ﬂexible loop
called ‘‘ATP-lid’’. Only a few evidences on the presence of bac-
terial like histidine kinases in mammals are present, and the
structure and functions of these are not well characterized.
The diﬀerences in the ATP binding site of eukaryotic serine,
threonine and tyrosine kinases and that of bacterial histidine
kinases may be exploited for development of histidine kinase
inhibitors that may act as speciﬁc antibiotics with little or no
eﬀect on the host machinery. The characterization of the
ATP binding site of bacterial histidine kinases, especially of
pathogens, thus becomes important for inhibitor design and
analysis.
Among the paired histidine kinases present in M. tuberculo-
sis, the putative histidine kinases Rv0600c (HK1) and Rv0601c
(HK2) are annotated to phosphorylate a single response regu-
lator Rv0602c (TcrA). From the bioinformatic analysis of
these proteins it is found that HK1 and HK2 are incomplete
but complementary histidine kinases. HK1 has an ATP bind-
ing domain while HK2 is a unique HPt-mono domain protein
[16]. The goal of this study was to assess the ATP binding,
ATPase and kinase activity of HK1. Fluorescence spectros-
copy using ﬂuorescent nucleotide analog, TNP-ATP, and com-
petition assay with natural nucleotide showed that TNP-ATP
and ATP both compete for binding at the same site. TNP-
ATP bound more tightly to HK1 than the natural nucleotide
with the KTNPd being 1.3 lM and K
ATP
d 0:73 mM. The values
are in good agreement with already reported dissociation con-
stants of CheA ðKTNPd1 ¼ 0:4 0:1 lM;KTNPd2 ¼ 1:8 0:6 lM :
KATPd1 ¼0:260:05mM ;KATPd2 ¼1:10:4mMÞ and EnvZ ðKTNPd ¼
1:90:3lM:KATPd ¼0:060:01mMÞ [12,13]. TNP-ATP binds
much more strongly to HK1 than CheA’s second binding site
and EnvZ. The binding of ATP to HK1 is stronger than the
second binding site of the CheA dimer but weaker than that
in EnvZ. The binding aﬃnity of TNP-ATP to HK1 is depen-
dant on the presence of the Mg2+. The presence of the metal
ion result in threefold increase in binding aﬃnity for TNP-
ATP to HK1. This contrasts sharply with the homologous pro-
teins studied from the class I (EnvZ) and class II (CheA) histi-
dine kinases [11,12], where TNP-ATP binding is not aﬀected
by either the presence or absence of the divalent metal ion.
The divalent ion is highly essential for the binding of ATP to
HK1. The results showed that in the absence of Mg2+, TNP-
ATP could not be displaced by the natural nucleotide, ATP,
from the active site of HK1. The model of HK1 [16] showed
a single nucleotide binding site that is conﬁrmed by the stoichi-
ometric ratio of 1:1 of the TNP-ATP binding to HK1 by ﬂuo-
rescent measurements.
The nucleotide binding capacity of HK1 motivated us to as-
say its ATPase activity. The Km of the ATP hydrolysis in the
presence of Mg2+ is 5.75 ± 3.0 mM. HK1 is a functional
ATP hydrolyzing kinase, with high aﬃnity binding of TNP-
ATP to the substrate (ATP) binding active site.
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reaction in the presence of [c-32P] ATP. This was supported
by the sequence analysis and the modeling studies of HK1
and HK2 [16]. The reaction is an exception to the usual phos-
photransfer in the two-component system where histidine ki-
nase is autophosphorylated at the conserved histidine and
then the phosphoryl group is transferred to the RR. In this
case HK1, that bears a typical ATP catalytic site, transfers
the c-phosphate from ATP to HK2 which is an HPt-mono do-
main protein that bears the conserved histidine. The study
showed the phosphotransfer from HK2 to TcrA, the cognate
response regulator (Rv0602c) of this group of three-protein
two-component system. HPt proteins are present mostly in
eukaryotes and are shown to be important phosphotransfer
devices in the multistep phosphotransfer between hybrid
HKs and the RRs. The interactions of HPt domains with
RRs have been studied in various organisms [22,23] but no de-
tailed information is on their interactions with the kinases. Ish-
ige et al. [24] showed that HPt domains were unable to
autophosphorylate themselves and were phosphorylated by
the catalytic domain of the hybrid kinase that bears them.
The present study of phosphorylation of HPt-mono-domain
protein, HK2, by HK1 supports the observation by Ishige
et al. [24]. Further, the transfer of the phosphoryl group from
HK2 to TcrA revealed the complete phosphotransfer pathway
in this two-component system. The HK1–HK2–TcrA interac-
tion provided an insight into a new mode of phosphotransfer
among the two-component system proteins in bacteria.
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